INTRODUCTION
Polydnaviruses (PDVs) (family Polydnaviridae) exhibit very uncommon features that have even called into question their current classification as true viruses (Federici & Bigot, 2003) . Indeed, completion of their life cycle depends on the mutualistic relationship they have established with some endoparasitic wasps (Whitfield, 2002; Dupuy et al., 2006) . PDVs are the only known viruses with segmented circular genomes where the segments vary both in size and abundance (Webb, 1998; Tanaka et al., 2007) . A copy of the PDV genome (the 'provirus') is integrated into the chromosomes of the carrier wasp (Stoltz, 1990; Fleming & Summers, 1991) , and virus replication and assembly occur exclusively in the calyx, a specialized region of the ovaries. Subsequently, virions are released into the oviduct and injected along with the egg into the host during parasitization. In parasitized hosts, the virus does not replicate but expresses some genes whose essential function is to manipulate host physiology, including inhibition of metamorphosis and/or suppression of the immune response, to the benefit of the developing parasitoid (Kroemer & Webb, 2004) .
The family Polydnaviridae currently includes two genera, Bracovirus and Ichnovirus (Turnbull & Webb, 2002) , each with distinct evolutionary origins (Bézier et al., 2009; Volkoff et al., 2010; Thézé et al., 2011) . Bracoviruses (BVs) are found in wasps belonging to the family Braconidae whereas ichnoviruses are associated with ichneumonid wasps (Webb et al., 2000) . Among the latter, Tranosema rostrale transmits the T. rostrale ichnovirus (TrIV) during oviposition into various lepidopteran larval hosts, including the spruce budworm, Choristoneura fumiferana (family Tortricidae). TrIV is essential for successful parasitism (Doucet & Cusson, 1996a, b; Cusson et al., 1998a) and is responsible for hormonal disturbances resulting in the inhibition of host metamorphosis . However, unlike most PDVs, TrIV does not appear to affect the cellular host immune response (Doucet & Cusson, 1996b) .
Most TrIV genes belong to multigene families (Tanaka et al., 2007) . Some have been the focus of earlier transcriptional studies and were found to be expressed at different levels during parasitism of C. fumiferana (Béliveau et al., 2000 (Béliveau et al., , 2003 Rasoolizadeh et al., 2009a, b) . The first TrIV genes to have been investigated belong to the 'T. rostrale virus' (TrV) family, which contains seven members (TrV1-TrV7) and appears to be unique to TrIV (Tanaka et al., 2007) . Although their function(s) are not known, TrV1 is suspected of being involved in the inhibition of host development (Béliveau et al., 2000 (Béliveau et al., , 2003 . TrV1 encodes a small secreted protein of 103 aa (Béliveau et al., 2000) . Except for a weak similarity between the N terminus of the TrV1 product and the cysteine-rich protein VHv1.4 from Campoletis sonorensis ichnovirus (Cui & Webb, 1996) , TrV1 and other TrV family genes do not show homology to other known genes, complicating the identification of their function(s).
For this study, our objective was to characterize further the genes from the TrV family and to assess their potential involvement in disruption of host development. To this end, a global quantitative PCR (qPCR) transcriptional analysis of the seven TrV family genes was performed in parasitized C. fumiferana larvae and T. rostrale wasps. To understand better the dynamics of TrV gene expression, quantification of the carrier genome segments was also conducted in parasitized larvae. The abundance of TrV gene transcripts was also measured in different tissues of parasitized C. fumiferana and in another T. rostrale host, Choristoneura rosaceana, to evaluate possible differential expression specific to tissue type or host. Finally, an experimental model in cultured cells based on the use of cell transfection and RNA interference (RNAi) was developed to examine the effect of TrV1 expression on cell phenotype. Overall, our results indicated that TrV1 expression inhibits cell proliferation.
RESULTS
Transcript abundance of TrV genes in parasitized C. fumiferana larvae and T. rostrale wasps With the exception of the TrV5 and TrV6 genes, for which transcripts were either not detected or nearly absent, temporal patterns of expression in parasitized larvae were similar for all TrV family genes, with peak levels of transcripts seen at 3 days post-parasitization (p.p.) (Fig.  1a) . Among the expressed genes, TrV1 was the most strongly transcribed [~300 000 transcripts (ng total RNA)
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] on day 3, whilst TrV3 had the lowest transcript abundance [~1000 transcripts (ng total RNA)
] at the same sampling time. In comparison, TrV gene transcript levels were~300 times lower in wasp ovaries and were barely detectable in male wasps (Fig. 1b) .
Transcript abundance of TrV genes in different tissues of parasitized C. fumiferana and in whole C. rosaceana larvae
The reasons for the existence of multigene families in PDVs are unclear, but one hypothesis suggests a need to express protein variants displaying tissue or host specificity (Clavijo et al., 2011) . To test this hypothesis, the transcript abundance of the seven TrV family genes was assessed in four different tissues dissected from parasitized C. fumiferana larvae, as well as in whole parasitized C. rosaceana larvae, an alternative host for T. rostrale (Cusson Fig. 1 . qPCR analysis of TrV family genes in parasitized C. fumiferana larvae and T. rostrale wasps. (a) Transcript abundance for TrV family genes in parasitized sixth-instar C. fumiferana larvae. Total RNA from whole larvae was extracted at 1, 3 and 5 days p.p. Each value represents the mean±SD of three biological replicates.
(b) Transcript abundance of TrV family genes in T. rostrale ovaries and whole male wasps. Total RNA was extracted from a pool of five ovary pairs dissected from T. rostrale females and from five whole male wasps. Each value corresponds to the mean±SD of four technical replicates.
TrV1 inhibits cell proliferation et al., 1998b). The transcriptional profile of TrV genes in the four C. fumiferana tissues examined (Fig. 2a ) was similar to that observed in whole parasitized larvae (Fig. 1a) . Indeed, TrV1 was the most strongly transcribed gene in all tissues sampled [.100 000 transcripts (ng total RNA)
] in cuticular epithelium), followed by TrV2, TrV4 and TrV7. The remaining TrV genes were virtually undetectable (TrV3 and TrV5) or were not transcribed (TrV6). Among the tissues examined, TrV transcripts were most abundant in cuticular epithelium followed by fat body, midgut and haemolymph, which contains the haemocytes; however, no differences in the general patterns of TrV gene expression were observed in the different tissues (Fig. 2a) . In whole C. rosaceana larvae, the overall gene-specific profile (Fig. 2b) was almost identical to that observed in C. fumiferana (Fig.  1a) . However, the transcript levels were lower than in C. fumiferana and their abundance declined between days 1 and 3 p.p., a period during which they increased in C. fumiferana (Fig. 1a) .
TrV genome segment abundance in parasitized C. fumiferana larvae
The relative abundance of PDV genome segments could affect the levels of gene expression during parasitism. The abundance of segments carrying TrV genes (one gene per segment; see Supplementary Material available in JGV Online) was assessed in viral DNA extracted from wasp ovaries and in whole larvae at 1, 3 and 5 days p.p. (Fig. 3) . Preliminary quantification of the genome segments in a viral DNA extract showed that certain TrV genes, previously reported to be paired (TrV1/TrV3 and TrV2/ TrV5) on two genome segments (Tanaka et al., 2007) , were located individually on separate genome segments. This raised the possibility of genome assembly errors, which have now been confirmed and corrected following resequencing of the relevant cloned genome segments ( Fig. S1 and Tables S2 and S3).
Based on the abundance of genome segments measured in parasitized larvae, the quantity of TrIV injected during oviposition varied from one host to another, but the proportion of each segment showed little variation among replicate larvae (Fig. 3) . The number of genome segments in parasitized larvae was significantly lower than in the virus extract, but the observed proportions for each segment carrying a TrV gene were very similar. Genome segments were most abundant at 1 day p.p., but these numbers were substantially lower at 3 and 5 days p.p. In both parasitized larvae and ovarian extracts, the segment carrying the TrV1 gene was clearly the most abundant. The other genome segments, although not equimolar, were present in lower amounts and no correlation was observed between their abundance and transcript abundance.
TrIV infection and inhibition of in vitro cell proliferation in Cf-203 and Sf21 cells Both Cf-203 and Sf21 cells inoculated with a TrIV extract expressed TrV genes at high levels, indicating that TrIV was able to infect these cells in culture (Fig. 4) . Transcriptional profiles were similar to those observed for parasitized Choristoneura larvae (Figs 1a and 2b) . TrV1 was the most strongly expressed gene in Cf-203 and Sf21 cells, whereas TrV5 and TrV6 were not expressed or were only weakly expressed. Gene expression was highest at 1 day p.i. and had decreased substantially by day 3. Given the same quantity of virus [0.5 female equivalents (FE); see Methods], transcription levels were higher in Sf21 (Fig.  4b ) than in Cf-203 (Fig. 4a) cells, suggesting that, of the two, Sf21 cells were more permissive to TrIV, despite the fact that Spodoptera frugiperda is not, to our knowledge, a natural host of T. rostrale. Furthermore, Sf21 and Cf-203 cells, inoculated with different doses of TrIV extract ranging between 0.05 and 1 FE, showed a dose-dependent inhibition of cell proliferation (Fig. 5a , b, respectively) without apparent signs of apoptosis. In both cell lines, inoculation with TrIV at 1 FE caused a~50 % inhibition of cell proliferation by 6 days p.i. compared with controls. Inhibition of Sf21 cell growth was first detectable between 2 and 4 days post-inoculation depending on the dose used (data not shown). Viability analysis, using trypan blue staining, showed that the cells were viable irrespective of the virus dose used (data not shown). Thus, it appeared that growth inhibition was not due to increased cell mortality following infection but was probably the consequence of TrIV transcriptional activity on growth rate.
TrV1 expression in Sf21 cells
Sf21 cells were used for transient expression assays based on preliminary tests that indicated that transfection efficiency was higher for these cells than for Cf-203 cells (data not shown). To determine whether a TrIV gene expressed during infection was responsible for the observed phenotype, preliminary transfection experiments were performed using cloned genome segments carrying the TrV1 and TrFrep1 (Volkoff et al., 2002) genes, respectively. These two genes were selected because they are the most highly expressed genes during TrIV infection in host larvae (Rasoolizadeh et al., 2009b) . In these initial experiments, transfection with the TrIV TrV1 segment led to an inhibition of cell proliferation whereas the TrIV TrFrep1 segment had no such effect (data not shown). Consequently, all subsequent experiments focused on the TrV1-carrying segment. Analysis by qPCR of TrV1 expression in Sf21 cells showed that transfection with individual, cloned genome segments could lead to relatively high gene expression at 1 day post-transfection (p.t.; Fig. 6a ). Levels of transient expression of TrV1 were nevertheless lower than those measured after viral inoculation of cells with 0.5 FE (Fig. 4b ) or in parasitized larvae (Fig. 1a) . The abundance of TrV1 transcripts in Sf21 cells declined to low but still detectable levels by 3 and 6 days p.t. (Fig. 6a ). At 6 days p.t., TrV1 expression had caused a significant inhibition of Sf21 cell proliferation ( Fig. 6b ; P,0.0001, LSD test), similar to that observed after inoculation with TrIV at a dose of 0.1 FE (Fig. 5) . In contrast, transfection of Sf21 cells with the pIE1 : GFP vector did not significantly affect cell proliferation (Fig. 6b ) compared with the control (P50.25, LSD test). Expression of the GFP gene, as verified by fluorescence analysis, showed a transfection efficiency of~60 % (data not shown). Thus, transfection of Sf21 cells with the TrIVTrV1 segment led to a significant inhibition of cell proliferation, as observed with virus inoculation. Sequence analysis of the TrIV TrV1 genome segment using ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/) did not reveal putative ORFs other than that corresponding to the TrV1 gene, suggesting that expression of this gene alone was responsible for the observed inhibition of cell proliferation.
Silencing of the TrV1 gene in TrIV-inoculated Sf21 cells
RNAi was used to test the hypothesis that inhibition of cell proliferation was the consequence of TrV1 expression. , and dropped to~76 transcripts (ng total RNA) 21 in cells transfected with dsRNA targeting the TrV1 gene (dsTrV1) at 24 h before inoculation, representing a 175-fold reduction (Fig. 7a) . Transfection with dsRNA corresponding to the GFP gene (dsGFP) had no such effect, indicating that the drop in TrV1 expression was the result of TrV1-specific silencing (Fig. 7a) . TrV1 gene silencing remained effective for 6 days following inoculation (Fig. 7a) . As TrV genes display relatively high sequence identity (Fig. S2) , we also assessed the effects of TrV1-directed RNAi on the silencing of other TrV family genes. Indeed, the TrV1 sequence is very similar to those of TrV2, TrV3 and TrV7 but differs from the TrV4-coding region, which shows a greater relatedness to the TrV5 and TrV6 sequences. As one might expect from this level of sequence relatedness, silencing of the TrV1 gene was accompanied by silencing of TrV2, TrV3 and TrV7, but TrV4 was only marginally affected, if at all (Fig. 7b ).
TrV1-directed RNAi had an impact on the proliferation of Sf21 cells inoculated with TrIV. As observed earlier (Fig. 5) , inoculation of Sf21 cells with 0.1 FE TrIV led to a significant inhibition of cell population growth compared with control cells ( Fig. 8 ; P,0.0001, LSD test), although the inhibition was stronger here, presumably as a result of differences in the quality of the inoculum (see Methods for details). Transfection of Sf21 cells with dsGFP prior to inoculation did not affect the ability of the virus to inhibit cell proliferation (P50.55, LSD test), whilst transfection with dsTrV1 did (P,0.0001, LSD test; Fig. 8 ). The results presented here indicated that TrV1 and possibly other TrV family genes are responsible for the inhibition of cell proliferation induced by TrIV.
DISCUSSION
Unlike most ichnoviral gene families reported to date, TrV genes have only been found in TrIV (Tanaka et al., 2007; Dupuy et al., 2012) . Transcriptional analysis in parasitized C. fumiferana showed that the seven TrV genes were differentially expressed and that TrV1 had the highest transcript abundance. The very low transcript levels of two TrV genes, TrV5 and TrV6, combined with the small size of their putative protein products (74 and 56 aa, respectively; Tanaka et al., 2007) , suggest that they are in fact pseudogenes. Such large differences in transcript abundance have been observed for other PDV gene families (e.g. Kroemer & Webb, 2006; Rasoolizadeh et al., 2009a, b; Clavijo et al., 2011) and raise questions about transcriptional regulation of PDV genes. It has been suggested that differences in PDV genome segment abundance may serve as a gene expression regulatory mechanism in the absence of virus replication in the parasitized host (Webb & Strand, 2005) . Our results indicate that genome segments are present in comparable proportions in the virus inoculum and parasitized larvae, and support earlier studies (Galibert et al., 2006; Beck et al., 2007; Rasoolizadeh et al., 2009a) showing the absence of a clear correlation between genome segment abundance and transcript levels. However, as observed for the most highly expressed TrIV rep gene (TrFrep1; Rasoolizadeh et al., 2009a) , the TrV gene with the most abundant transcripts, TrV1, was found to be carried by the most abundant genome segment (Fig. 3) , supporting the observation of a 'mixed relationship' between genome segment abundance and transcript levels, as reported for Microplitis demolitor BV (Beck et al., 2007) .
During parasitism in C. fumiferana, the TrV1-bearing segment remained the most abundant, despite a relatively large decline on days 3 and 5 p.p., whereas segments carrying the other TrV genes were present in more comparable quantities. This suggests that, between days 1 and 5 p.p., transcript levels were regulated by other factors such as transcript stability and promoter activity. Regarding the first factor, the present data point to a relatively high degree of mRNA stability, given that peak transcript abundance was observed on day 3 p.p. (Fig. 1) , when genome segment abundance had already declined (Fig. 3) . With respect to promoter activity, preliminary analysis of the six active TrV promoter regions suggested that small sequence rearrangements could be responsible for differential regulation of TrV gene expression (Fig. S3) . The promoter region of TrV6 displayed large differences relative to the other six TrV promoters, which might explain why this gene was not expressed.
The diversification of genes into families is characteristic of PDV genomes (Kroemer & Webb, 2004 (Fig. 2) . Although an examination of additional tissues could well reveal different trends, the latter observation prompted us to examine TrV transcript levels in an alternative host of T. rostrale. Strikingly, gene-specific mRNA levels displayed very similar patterns in the two Choristoneura hosts considered here (Figs 1 and 2 ), providing no support for either tissueor host-specific expression patterns for TrV family genes. In a similar comparison between two Spodoptera hosts parasitized by Hyposoter didymator, vank genes were, with a few exceptions, expressed at similar levels in both hosts (Clavijo et al., 2011) . Clearly, determining whether the different members of the TrV and other PDV gene families have evolved different functions or specificities will require more exhaustive tissue and host sampling, as well as identification of their respective targets.
In T. rostrale ovaries (Fig. 1b) , TrV genes were expressed at basal levels, unlike other TrIV genes such as rep-166 and OSSP1 (Rasoolizadeh et al., 2009b) , whose transcripts were observed to be relatively abundant in this tissue. This suggests that TrV gene products play a relevant role only in parasitized caterpillars, and are not released in the wasp oviduct for later injection into the lepidopteran host.
Difficulties encountered in investigating TrV gene function in vivo led us to develop an in vitro model to evaluate more specifically the role of TrV1 during host infection. Such an in vitro approach has proven useful for the functional analysis of other PDV genes, particularly those potentially implicated in host immune dysfunction (e.g. Beck & Strand, 2003; Lapointe et al., 2005; Suderman et al., 2008; Fath-Goodin et al., 2009) . As a first step, we conducted assays to determine whether TrIV infection of cultured cells could induce noticeable phenotypic changes in these cells.
In an earlier study, we showed that TrIV infection of Cf-124T cells (a C. fumiferana cell line) could induce apoptosis within 24 h of inoculation (Béliveau et al., 2003) . However, this cell line proved to be refractory to transfection, which severely limited its usefulness for experiments involving transient expression of PDV genes or RNAi. As a consequence, we turned our attention to two other lepidopteran cell lines, Cf-203 (another C. fumiferana cell line) and Sf21, both of which are amenable to transfection. Analysis of TrV gene expression following cell inoculation indicated that both cell lines were permissive to TrIV infection (Fig. 4) , generating genespecific patterns of mRNA levels similar to those observed in parasitized caterpillars (Fig. 1) . Surprisingly, TrV transcript levels were higher in Sf21 cells (derived from a non-host species) than in Cf-203 cells, but neither cell type displayed apoptosis or other obvious cytopathic effects. However, dose-dependent inhibition of cell proliferation was observed in both cell lines following TrIV infection (Fig. 5) .
Transient expression of TrV1 in Sf21 cells, and its silencing in TrIV-infected cells, showed that TrIV-induced cell growth inhibition was caused primarily by TrV1, and possibly by other TrV family genes. However, although RNAi directed at TrV1 largely restored cell proliferation, the recovery was not complete (Fig. 8 ), indicating that other viral genes or wasp proteins could play a complementary role in the observed inhibition. Alternatively, small inter-group differences in the handling of cells (e.g. the double transfection/inoculation treatment of dsRNA-transfected cells) may have hindered the full recovery of cell proliferation in the TrV1/RNAi treatment. Nevertheless, the data presented in Fig. 8 remain unequivocal with respect to the significant impact of TrV1 expression on cell proliferation.
The relationship between the inhibition of cell proliferation and its possible role in the successful parasitism of C. fumiferana by T. rostrale is not clear. One consequence of TrIV infection in C. fumiferana larvae is an inhibition of metamorphosis (Doucet & Cusson, 1996a) , but whether or not reduced cell proliferation contributes to this pathology needs to be examined. An investigation of the molecular underpinnings of developmental arrest in Pseudoplusia includens larvae parasitized by M. demolitor or infected with its BV (MdBV) led to the conclusion that, instead of directly blocking the hormonal events that trigger metamorphosis, MdBV gene expression causes a growth reduction preventing host larvae from reaching the size required for induction of metamorphosis (Pruijssers et al., 2009) . Although the latter study pointed to an alteration of metabolic physiology as the main factor responsible for the inability of infected larvae to reach critical weight, it is tempting to speculate that inhibition of cell proliferation in the parasitized host could also contribute to this effect.
In an earlier study, Suderman et al. (2008) showed that PTP-H2, an MdBV pro-apoptotic protein, was also able to reduce cell proliferation in Sf21 cells when apoptosis was inhibited. The authors suggested the existence of a link between the observed reduction in cell proliferation, perturbation of the cell cycle and apoptosis. In the present study, the effect of TrV1 expression on cell proliferation did not involve apoptosis, but the possibility that the TrV1 protein could induce cell death in other cell types cannot be excluded given the impact of TrIV infection of Cf-124T cells (Béliveau et al., 2003) .
Currently, we do not know whether cell growth inhibition was induced directly by the TrV1 protein or involved prior modification of host gene expression. TrV1 is a secreted protein that is presumed to interact with host-cell membrane proteins (Béliveau et al., 2000) . A recent transcriptomic analysis performed on Plutella xylostella larvae during parasitism by Diadegma semiclausum showed that ichnovirus infection could modulate the abundance of many host transcripts, some of which are involved in cellular processes (Etebari et al., 2011) . The possibility that TrV1 expression involves modulation of host gene expression needs to be examined.
METHODS
Insect rearing and parasitization. T. rostrale wasps were obtained from the field as described previously (Doucet & Cusson, 1996a) . Post-diapause C. fumiferana (Great Lakes Forestry Centre, Sault Ste. Marie, Canada) and C. rosaceana larvae (courtesy of J. Delisle, Laurentian Forestry Centre, Canada) were reared separately on artificial diets (McMorran, 1965; Shorey & Hale, 1965, respectively) . Parasitization of larvae was carried out 24±1 h after the moult to the sixth (final) instar. For parasitization, three C. fumiferana or C. rosaceana larvae and three T. rostrale female wasps were placed in a Petri dish and observed until oviposition.
Insect cells. The Sf21 cell line, derived from S. frugiperda ovarian cells (Vaughn et al., 1977) , and the Cf-203 cell line, derived from C. fumiferana midgut tissues (Sohi et al., 1993) , were obtained from the Great Lakes Forestry Centre. Sf21 cells were grown in SF900 II medium, whereas Cf-203 cells were grown in SF900 16 medium supplemented with 10 % FBS (Invitrogen Life Technologies). Cells were cultured and maintained at 27-28 uC in 25 cm 2 plastic flasks (Sarstedt) containing 5 ml medium and were subcultured every 3 (Sf21) or 5 (Cf-203) days.
Virus preparation and inoculation of cell cultures. Adult T. rostrale females that had been snap frozen in liquid nitrogen and stored at 280 uC were thawed and used for TrIV collection. Ovaries from several females were isolated and opened with fine forceps in a small drop of medium to allow diffusion of calyx fluid and TrIV virions. Collected virus was partially purified by passage through a 0.45 mM filter, and the volume was adjusted with culture medium to a concentration of 1 FE (TrIV from both ovaries) ml
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. It should be noted that the inoculum contained in 1 FE varied significantly from one experiment to another, probably as a result of differences in female age (at the time of freezing) and in the time wasps spent in cold storage; this variation resulted in differences between some experiments in the impact of a given TrIV dose on transcript abundance and inhibition of cell proliferation. For TrIV inoculation of cell cultures, Sf21 and Cf-203 adherent cells were seeded respectively at 4610 5 and 2610 5 cells ml 21 in six-well culture plates (Sarstedt) to a final volume of 2 ml per well. One day later, TrIV was added to the wells containing cells, at 0.05, 0.1, 0.5 or 1.0 FE, and incubated at room temperature (22-23 uC) for 5 h with gentle shaking. The medium was then drained from infected cells and replaced with 5 ml fresh medium.
RNA isolation and qPCR. Total RNA of parasitized larvae and cultured cells was isolated using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's protocol. RNA was extracted from larvae at 1, 3, and 5 days (C. fumiferana) or 1 and 3 days (C. rosaceana) p.p.. For cultured cells, RNA extraction was performed at 1, 3 and 6 days p.i. Total RNA was quantified and treated with DNase I (Invitrogen Life Technologies) at 1 U (mg RNA) 21 for 15 min at 20 uC. Reverse transcription was conducted for 50 min at 42 uC in a 20 ml reaction volume containing 2 mg total RNA, 16 First Strand Buffer, 0.5 mg oligo(dT) 12-18 primer, 0.5 mM dNTP mix, 40 U RNase Out and 100 U Superscript II reverse transcriptase (Invitrogen Life Technologies). The cDNA reaction was then diluted in 10 mM Tris/HCl (pH 8.0). qPCRs were conducted using a Quantitect SYBR Green PCR kit (Qiagen) in a MX3000P spectrofluorometric thermal cycler (Stratagene). Primer pairs (Table  S1 ) were designed using OligoExplorer and OligoAnalyser software (Gene Link). Four technical replicates, each containing 6.875 ng cDNA and 0.5 mM each primer were used for PCRs. Amplification was initiated with a denaturation step at 95 uC for 15 min, followed by 50 cycles of 95 uC for 10 s and 65 uC for 2 min. To confirm the specificity of the reaction, a melting-curve analysis was carried out at the end of the PCR run. Linear regression of efficiency analysis developed for modelling qPCR amplification (Rutledge & Stewart, 2008a , b, 2010 Rasoolizadeh et al., 2009a, b) was used to determine the absolute quantities of target molecules. Genomic l DNA was used as a quantitative standard.
DNA isolation, cloning and quantification of TrIV genome segments. TrIV DNA was extracted from T. rostrale wasp ovaries as described previously (Stoltz et al., 1986) . Genomic segments were cloned individually from purified TrIV using an EZ-Tn5 Transposon kit (Epicentre) as described previously (Tanaka et al., 2007) . To quantify the TrIV genome segments carrying TrV genes, total DNA from parasitized larvae was extracted at 1, 3, and 5 days p.p. using a QIAamp DNA Mini kit (Qiagen) following the manufacturer's protocols. No attempt was made to remove the parasitoid egg or larva before processing the parasitized caterpillar for DNA extraction, as such interventions are particularly difficult in the case of T. rostrale eggs and first-instar larvae, and would have resulted in a significant loss of PDV genome segments. Total DNA was quantified and used directly (5 ng per reaction) for qPCR. Design of the primer pairs (Table S1 ) and qPCRs were conducted as described above. Genome segments were also quantified independently in TrIV DNA extracted from wasp ovaries using the same approach.
Transfection. The TrIV genome segment carrying the TrV1 gene (Table S3) was first sequenced to ensure that the transposon used for cloning was not in the coding or promoter region. TrIV-TrV1 was purified from bacterial cultures using a Qiagen Plasmid Maxi kit. As a negative control, the EGFP1 gene encoding green fluorescent protein was cloned in the pIE1/153A vector (Farrell et al., 1998) . For transient expression, Sf21 cells were first seeded at a density of 4610 5 cells ml 21 in six-well culture plates (2 ml per well) and incubated overnight at 27-28 uC. DNA used for transfection (3 mg) and 6 ml Cellfectin II transfection reagent (Invitrogen Life Technologies) were individually incubated in 100 ml SF900 II medium for 15 min and then mixed and re-incubated for 30 min at 20 uC. After the addition of 800 ml medium, the DNA/Cellfectin mix was added to cells previously drained of their medium. Cells were then incubated for 5 h at room temperature with gentle shaking. After removing the transfection medium, 2 ml fresh medium was carefully added and cells were incubated at 27-28 uC until analyses were conducted. Cells were harvested at 1, 3 and 6 days p.t. to quantify transient expression using qPCR. Unless otherwise indicated, the effect of TrIV-TrV1 on cell growth was assessed at 6 days p.t. Each replicate corresponded to the cell population present in one culture plate well.
dsRNA synthesis and RNA interference. Synthesis of dsRNA corresponding to the TrV1 (312 bp) and EGFP1 (723 bp) coding sequences was performed using a HiScribe RNAi Transcription kit (New England Biolabs), according to the manufacturer's protocol with minor modifications. The EGFP1 gene was used as a negative control for RNAi.
For TrV1 gene silencing, Sf21 cells were first seeded at a density of 4610 5 cells ml 21 in six-well culture plates (2 ml per well) and incubated overnight. For dsRNA transfection, 5 mg dsRNA was mixed with 6 ml Cellfectin II for 30 min at room temperature in SF900 II medium. The volume was adjusted to 1 ml with SF900 II and added to the cells to be transfected. The cells were incubated overnight at room temperature with gentle shaking. The transfection medium was removed and the cells were washed once with 1 ml SF900 II, taking care not to disrupt the monolayer. The transfected cells were then inoculated with 0.1 FE TrIV for 5 h. The medium containing TrIV was removed and 2 ml fresh medium was added to each well. Cells were incubated at 27-28 uC and harvested at 1, 3 and 6 days p.t. to quantify RNAi effects at the molecular level using qPCR.
Assessment of cell proliferation. The effects of TrIV inoculation, TrIV-TrV1 genome segment transfection and TrV1 silencing on cell proliferation were measured in cultured cells at 6 days posttreatment. To ensure that each well had approximately the same number of cells after seeding and to assess cell numbers at later times post-treatment, the cells were first suspended by gentle pipetting and counted using a Neubauer haemocytometer (American Optical). To assess cell viability, the cells were stained with 0.04 % trypan blue (Invitrogen Life Technologies).
Statistical analysis. For experiments involving cell transfection with genome segments or dsRNA, the number of cells was transformed to its natural logarithm and analysed with a mixed linear model. The initial model for the transfection experiment (Fig. 6b) included fixed effects for treatments, random effects for replicates (plates), replicate6treatment combinations (row within plate) and residual error (well effect within row and plate). For TrV1 gene silencing effects (Fig. 8 ), the initial model included fixed treatment effects, random effects for plates, plates6treatment combinations and residual error. The random part of the models was reduced based on Akaike's information criterion (Littell et al., 2006) . Means per treatment and their 95 % confidence limits were computed on a logarithmic scale, compared following an LSD multiple comparison procedure and back-transformed for presentation in the figures. Differences between means were also computed on a logarithmic scale. Exponential values and associated confidence limits estimated the ratio of the mean number of cells in one treatment relative to another. The models were fitted using the MIXED procedure of SAS (SAS Institute).
